The long-term technical goal is to design, develop and test the next generation primitive equation, Terrain-following Ocean Modeling System (TOMS) for high-resolution scientific and operational applications. This project will improve the ocean modeling capabilities of the U.S. Navy for relocatable, coastal, coupled atmosphere-ocean forecasting applications. It will also benefit the ocean modeling community at large by providing the current state-of-the-art knowledge in physics, numerical schemes, and computational technology.
OBJECTIVES
The main objective is to produce a tested expert Terrain-following Ocean Modeling System for scientific and operational applications over a wide range of spatial scales from coastal to global. The primary focus is to select the most robust set of options and algorithms for relocatable coastal forecasting systems for the Navy. The system will include state-of-the-art numerical algorithms and subgrid-scale parameterizations, nesting options, adjoint modeling, variational data assimilation schemes, air-sea coupling, interdisciplinary coupled models, extensive web-based documentation and user-support software for model set-up, analysis and diagnostics. The system is intended for massive parallel shared-and distributed-memory architectures.
APPROACH
The framework for TOMS is based on ROMS because of its accurate and efficient numerical algorithms, tangent linear and adjoint models, variational data assimilation, modular coding and explicit parallel structure conformal to modern computer architectures (both cache-coherent sharedmemory and distributed cluster technologies). Currently, both ROMS and TOMS are identical and continue improving and evolving. ROMS remains as the scientific community model while TOMS becomes the operational community model. ROMS/TOMS is a free-surface, terrain-following primitive equations ocean model that can be configured for any region of the world's oceans over a wide range of scales from basin to coastal and estuaries (e.g., Haidvogel et al., 2000; Marchesiello et al., 2003; Peliz et al., 2003; Di Lorenzo, 2003; Dinniman et al., 2003; Budgell, 2005; Warner et al., 2005a,b; . The algorithms that comprise the ROMS computational nonlinear (NLM) kernel are described in detail in Shchepetkin and McWilliams (2003, 2005) , and the tangent linear and adjoint kernels and platforms are described in . ROMS includes accurate and efficient physical and numerical algorithms and several coupled models for biogeochemical, bio-optical, sediment, and sea-ice applications. It also includes several vertical mixing schemes (Warner et al., 2005a) , multiple levels of nesting and compose grids, tangent linear model (TLM), representer model (RPM), and adjoint model (ADM) for strong and weak constraint variational data assimilation , ensemble prediction, adjoint sensitivity studies , and Generalized Stability Theory (GST) analysis . ROMS/TOMS is modular and coded in F90/F95. Several coding standards have been established to facilitate model readability, maintenance, and portability. All the state model variables are dynamically allocated and passed as arguments to the computational routines via de-referenced pointer structures. This code structure facilitates computations over nested and composed grids. The parallel framework is coarse-grained with both shared-memory (OpenMP) and distributed-memory (MPI) paradigms coexisting in the same code. ROMS/TOMS uses NetCDF for input and output data manipulation.
WORK COMPLETED
The TLM, RPM, and ADM have been updated to the latest nonlinear model release. They were completely rewritten in F90 to facilitate their parallelization and nesting, and to improve their efficiency. Both the TLM and RPM are now running in shared-memory (OpenMP) and distributememory (MPI). The parallelization of the ADM is currently undergoing rigorous testing. As currently written, the ADM violates shared-memory mutual exclusion rules because of the way the adjoint model was hand coded. Therefore, only a distributed-memory version of ADM is supported at the present time.
The ROMS/TOMS algorithms have been split into several subdirectories to facilitate future updates and the organization of nearly 500 files. The compilation process has been completely redesigned. A single makefile is now used to compile the model in any computer architecture for any serial, sharedmemory, or distributed-memory application. The new makefile structure only works with GNU make version 3.77 or higher, which is installed on all computer architectures nowadays.
In collaboration with several scientists in the modeling community, the physical and numerical kernels of ROMS/TOMS have been improved and enhanced. An option for positive definite tracer advection (MPDATA) has been added to suppress spurious undershoots/overshoots that can affect biological and sediment dynamics. A dynamic-thermodynamic sea ice module has been developed (Budgell, 2005) and coupled to the ocean model. The ice dynamics are based upon an elastic-viscous-plastic rheology of Hunke and Dukowicz (1997) and Hunke (2001) . The COARE bulk parameterization algorithm, used to compute the turbulent fluxes of wind, heat and moisture has been updated to the latest version 3.0 (Fairall et al., 2003) . In addition, an option to compute the salt flux (E-P) has been added to the airsea boundary layer. The generic length scale turbulence parameterization has been enhanced and now includes an option for the Craig and Banner wave breaking surface flux. Both the biology and sediment modules have been improved and expanded.
The ROMS/TOMS and ocean modeling web sites continue to evolve and improve. Their designs have facilitated engagement of the user community via the forum. Their involvement has helped to improve and test the model algorithms on very diverse applications. Most of our efforts nowadays focus on the development of an interface for automating system documentation. The online user manual is in the early stages but available. The user community has been encouraged to participate actively in developing, updating, and improving of the model documentation.
RESULTS
A new release of ROMS/TOMS, version 2.2, was distributed to the entire community on May 29, 2005. This new version included several bug fixes and new developments and improvements. Also, a beta release of ROMS/TOMS, version 3.0 beta, was distributed to selected beta testers on the same day. This beta version included the TLM, RPM, ADM, and the drivers shown in Figure 1 . The current ROMS/TOMS framework is shown in Figure 1 . It schematically illustrates the algorithms available for either two-way atmosphere-ocean coupling (concurrent or sequential) or standalone ocean computations. The master driver follows the Earth Modeling System Framework (EMSF) conventions initialize, run, and finalize that allows the coupling of ROMS/TOMS with any other modeling system. The four models (NLM, TLM, RPM, and ADM) form the basis of ROMS/TOMS framework with several drivers (blue rectangles) for: (i) Generalized Stability Theory analysis (PROPAGATOR) in terms of eigenvectors and singular vectors to study the dynamics, sensitivity, and stability of the ocean circulation to naturally occurring perturbations, error or uncertainties in the forecasting system, and adaptive sampling ; (ii) standalone drivers for the nonlinear (NL_OCEAN), tangent linear (TL_OCEAN), representer (RP_OCEAN), and adjoint (AD_OCEAN) models; (iii) sensitivity analysis (ADSEN_OCEAN) to evaluate the sensitivity of any physical attribute of the ocean circulation to all variations in initial conditions, boundary conditions, and forcings ; (iv) strong constraint 4-Dimensional Variational (4DVar) data assimilation (full S4DVAR_OCEAN and incremental IS4DVAR_OCEAN); (v) weak constraint 4DVar data assimilation (W4DVAR_OCEAN) using the indirect-representer method of Chua and Bennett (2001) which consider errors in both observations and model dynamics ; (vi) ensemble prediction (ENSEMBLE_OCEAN) to perturb initial and boundary conditions along the most unstable directions of the state space defined by the singular vectors computed from the GST analysis which yields information about the first (mean) and second (spread) moments of the Probability Density Function; and (vii) several consistency tool-kits (SANITY_CHECK) to test the efficacy of the TLM, RPM, and ADM algorithms.
The next ROMS/TOMS workshop will be held at the Scripps Institution of Oceanography, La Jolla, CA, on October 24-25, 2005. The emphasis of this workshop is on adjoint modeling and applications. At the last workshop in Venice on October 2004, it was decided to discontinue our joint meetings with the POM community and focus just on ROMS/TOMS community and their applications. Since a big part of the ROMS/TOMS community is outside the US, there was a consensus to hold the workshops every year alternating between the US and overseas (Europe and probably Asia).
IMPACT/APPLICATIONS
This project will provide the ocean modeling community with a freely accessible, well-documented, state-of-the-art dynamical and numerical algorithms that can be used to study dynamical process, stability and variability of ocean circulation, prediction, data assimilation, and ocean observations design.
TRANSITIONS
The full transition of TOMS to the operational community is likely to occur in the future. However, the TOMS algorithms are now available to the developers and scientific and operational communities through the ROMS/TOMS web site.
RELATED PROJECTS
ONR is currently funding Arango (Rutgers), Moore (U. Colorado), Miller and Cornuelle (Scripps), and Di Lorenzo (Georgia Tech) to develop and test the tangent linear and adjoint versions of ROMS/TOMS. Both the tangent linear and adjoint models can be used for Generalized Stability Theory analysis, adjoint sensitivity analysis, variational data assimilation, and ensemble prediction. This project benefits from the intellectual and technical contributions of colleagues at several institutions (UCLA, SIO, U. Colorado, Princeton, Harvard, OSU, USGS, ODU, TAMU, JPL, NIWA, NOAA/FSL, and PMEL).
